Abstract. This study proposes a nonlinear optimization approach in designing a modular block wall which is a type of the mechanical stabilized earth wall. A nonlinear optimization model is proposed based on minimizing the reinforcement length where the constraints considered are the external stability and the internal stability. The optimum reinforcement length can be determined based on available soil strength parameters and the maximum surcharge. This study also includes the parametric study of the reinforced soil, retained soil, and foundation soil by varying the ranges of the wall height, surcharge, and soil strength parameters in density and friction angle to see the behaviours of the aforementioned external stability and internal stability. This can be beneficial in designing this modular block wall encountering a poor soil condition or a large amount surcharge.
Introduction
Mechanically stabilized earth wall or MSE wall, is a retaining wall that uses soil with reinforcement in adding tension. With rigid facing units, MSE wall can set vertically not like reinforced soil slope (RSS) that can set slope up to 70 degrees. Two types of MSE walls are commonly used. One is segmental precast concrete panel (SPCP) that uses metal strips as reinforcements and precast concrete panel as the facing unit. The other is modular block wall (MBW) that uses geogrid as reinforcements and modular block as facing units as shown in Fig. 1 .
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An MSE wall needs to resist the failure modes in external stability, internal stability, and global stability. External stability requires this rigid body MSE wall to pass the safety factor in sliding, overturning, and bearing capacity. Internal stability prevents the failure in inside the MSE wall by setting factors of safety in rupture and safety in pullout. Global stability considers all other failure that may occurs anywhere especially outside the MSE wall.
Designing an MSE mainly is to specify the reinforcement length, reinforcement spacing, and soil strength property. [1] gives a preliminary reinforcement length (L) should be 0.7H and 2.5 m where H is the height of the wall. [2, 3] recommends L/H at 0.7 where [4] recommends at 0.6L/H. Also [1] recommends L/H to be less than 1.1. However, designing an MSE wall faces many varying variables, especially the soil strength parameters and the imposed surcharge load. Some studies introduce optimization based approach in designing MSE wall such as [5] [6] [7] . [5] uses optimization in finding minimum cost to design a segmental precast concrete with metal strip reinforcements. Simulation is also utilized in [5] to assist in approximating the nonlinear optimum solution. [8] uses an optimization approach on cost. [9] introduces an advanced technique in finding a nonlinear optimization model for MSE wall design parameters. This paper rather investigates the behaviour of varying parameters in designing an MBW first then utilizing a nonlinear optimization model via GAMS nonlinear software to minimize the geogrid reinforcements satisfying the constraints in external stability and internal stability.
Optimizing reinforcement length for a modular block wall
Designing a segmental precast concrete panel is different from designing a MBW only the differences in pullouts due to the difference of the potential failure surface in the internal stability as shown later in Fig. 3 . For illustration, only MBW that uses geogrid as reinforcement is shown in this study. Also, the optimization will consider only the external stability and internal stability based on FHWA [1] , the global stability that uses limit equilibrium method (LEM) is omitted here. LEM can be analyzed with many available software.
Based on [1] , calculating factors of safety (FS) are shown in Fig. 2 as follows: Fig. 2 . MSE wall loads [1] To formulate an optimizing model from Fig. 2 , the decision variables can be classified as 3 groups which are as follows. Group 1 decision variables are wall height, surcharge loads, and soil strength parameters. Group 2 decision variables are external stability involving the factors of safety for sliding, overturning, eccentricity, and bearing. Group 3 decision variables are internal stability factors of safety for rupture and pullout. For eccentricity,
The bearing capacity of foundation soil, where maximum bearing pressure is In conclusion, the nonlinear optimization model is as follows.
The constraint 1 to constraint 5 in the optimization model (6) are from the aforementioned (1) to (5) . Following FHWA, allowable factors of safety for sliding (= 1. 5), overturning (=2,0), bearing (=2,5), resistant zone pullout length (= 1. 5). Also from Fig. 3 , the pullout lengths are largely dominated by the top layer geogrid where the active zone length is largest at the top layer. Table I . 
Parametric study on an MBW
To see the effect on varying parameters effecting this MBW reinforcement lengths, [6] suggests the ranges of soil strength parameters in density, cohesion, and internal friction angle. For simplicity, the soil parameter varied in this study is only the soil internal friction angle () ranging from 22 to 45 degree where soil density () ranging from 17 -22 kN/m 3 from [10] is set to be constant at 19.6 kN/m 3 since soil internal friction angle is normally implies its density. In addition, this study set soil cohesion to be zero since a soil type with cohesion and internal friction angle can be roughly converted to internal friction angle only. Fig. 4 to Fig. 8 shows the effects on varying wall heights and surcharge on the aforementioned FHWA MBW wall example. Fig. 6 (left) shows that increasing wall height almost has no effect to L/H eccentricity at all, and has effect to L/H of the rest including sliding, overturning, bearing, and pullout if surcharge increased significantly to 50 kN/m 2 , equivalent to 5 tons/m 2 or 2.5 m of wall weight height, as shown in the figures. The result is similar to weak soil strengths with low internal friction angles where not only eccentricity but overturning have no effect their L/H. Also as shown in Fig. 7 (right) , wall height is limited by bearing L/H under weak soil condition. 
Optimizing based on site limitation
An example of using this nonlinear optimization is elucidated here. FHWA MBW example is used here for illustration that the wall height is 9 m and surcharge is q = 11.97 kN/m. Suppose that an MBW wall project facing a difficulty in the limitation under the weak soil strength condition. The soil strength properties for reinforce soil, retained soil, and foundation soil possess density from 17 -18 kN/m 3 and internal friction angles are from 22 -23. Instead of limiting the geogrid length to 1.1L/H, this project is rather temporary and allow the factors of safety for sliding, overturning, and bearing to be just greater than 1.0 and eccentricity is less than L/6. The nonlinear optimization model is shown in (7) where its result is shown in Table 2 . From Table 2 , L/H is 0.76. Table 2 also shows the result that strictly design follows FHWA that yields L/H at 0.85. This result in reducing L/H is rather useful when some part of the constructed MSE wall facing weak soil condition the is much deviated from the soil investigation report.
The optimization model is shown in (7) where constraint 1 to 5 are from (1) to (5) same as the optimization model (6) . The adding constraint 6 and constraint 7 are from the relaxing condition of soil strength condition from the site limitation. The constraint 8 is from the assumed relaxing design criteria. Another application is for a multi-tiered MBW project that the bottom wall needs to support the weight of the upper wall that is considered as a surcharge. In this case the surcharge is rather large. To illustrate, suppose that this FHWA MBW wall has a surcharge of 100 kN/m 2 which is roughly about 5 m of the upper wall height resting on the bottom wall. By using the nonlinear optimization model in (7), the result is shown in Table III . The solution is to use the maximum L/ H at 1. 1 with unlimited soil strength parameters with maximum soil density at 22 kN/m 3 and friction angle at 45. The solution in Table III on the left takes the maximum values of the density and friction angle for the reinforced soil which is practically impossible. Suppose at the construction site limits the soil strength parameters at the maximum density at 20 kN/ m 3 and friction angle at 34, the solution in Table 3 in limiting soil strength parameters takes the maximum density and friction angle for the reinforced soil and strengthen the friction angle for the foundation soil. 
Conclusion
Employing the nonlinear optimization approach helps facilitating the design of a modular block wall that often facing difficulties such as varying soil strength parameters and maximum surcharge bearable for the bottom wall that needs to support the upper wall that is counted as a surcharge resting on the bottom wall. By limiting the ranges of soil strength parameters in reinforced soil, retained soil, and foundation soil, the minimum geogrid reinforcement length can be determined based on considering only the external stability and internal stability. 
